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The low-temperature electron spin resonance (ESR) spectra and the static magnetization data ob- 
tained for the stoichiometric single crystals of /3-Nao.33V205 indicate that this quasi-one-dimensional 
mixed valence compound demonstrates at Tjv = 22 K the phase transition into the canted antifer- 
romagnetically ordered state. The spontaneous magnetization of 3.4 x 10~^ per V*"*" ion was 
found to be oriented along the two-fold 6 axis of the monoclinic structure, the vector of antiferro- 
magnetism is aligned with the a axis and the Dzyaloshinsky vector is parallel to the c-axis. The 
experimental data were successfully described in the frame of the macroscopic spin dynamics and the 
following values for the macroscopic parameters of the spin system were obtained: the Dzyaloshinsky 
field Hd ~ 6 kOe, the energy gaps of two branches of the spin wave spectrum Ai = 48 GHz and 
Aa = 24 GHz. 



PACS numbers: 76.50.-f-g, 75.50.Ee, 75.25.-hz 
I. INTRODUCTION 

The quasi-one-dimensional mixed valence compound 
/3-Nao.33V205 exhibits various phase transitions of a con- 
siderable interest .Ijt3 Below 230 K the 1x2x1 crystal 
lattice superstructure appears, indicating probably the 
ordering of Na ions. At Tc = 136 K this one-dimensional 
conductor exhibits a metal-insulator phase transition of a 
charge ordering type and at T = T/v = 22 K the charge- 
ordered structure undergoes an antiferromagnetic phase 
transition. 

This behavior is to be compared with that of the quasi- 
one-dimensional magnet a-NaV205 in which the lattice, 
charge and spin subsystems transform simultaneously. 
The charge ordering in this related system causes the 
opening of the spin gap in the spectrum of magnetic ex- 
citatipp^ and the appearance of a nonmagnetic singlet 
statcoO 

The /3-Nao.33V205 has the monoclinic structure C2/m 
(see Fig. 1) with the unit cell containing two NaVgOis 
formula units. The sodium ions are located in the tunnels 
formed by a V-0 framework. The Na"*" ions occupy only 
one of the two nearest-neighboring sites A in the ac-plane. 
The V-0 framework consists of the threerdistinct kinds of 
double chains directed along the fo-axis.ElEi The Vl-sites 
have a six-fold octahedral coordination and form a zigzag 
chain of edge-sharing VOe octahedra. The V2-sites with 
a similar octahedral coordination form a two-leg ladder 
chain of corner-sharing VOg octahedra, and the V3-sites, 
having a five-fold square pyramidal coordination form a 
zigzag chain of edge-sharing VO5 pyramids. 

The absence pof the Knight shift in NMR experiments 
on ^•^Na nucleiEi shows that the outer s-shell electrons 



of the Na-ions are transferred into the d-shells of V- 
ions. Therefore, the V-ions arc in the mixed valence 
states V^^ and V^"*". The ions are in a magnetic 
5 = i state, while the ions with 5 = are nonmag- 
netic. Basing|-£jH_interatomic distancesllJ and on NMR 
measurementalil'E3 it was concluded that in the high tem- 
perature phase T > Tc the donated electrons are situated 
at the VI sites, with one half of these sites being V*+. 
The recent NMR experiments on V-ional3 confirm the 
charge ordering nature of the transition at T = Tc and re- 
veal that the number of inequivalent V positions below Tc 
is increased. Two possible models of the charge ordering 
(zigzag and linear chains of V^^ ions) are proposed but 
the exact crystal structure in a low temperature phase is 
still unknown. 

Hypothetical models of the magnetic structure with 
the localized electrons suggest that only one-sixth part of 
the V ions has the magnetic moments and the magnetic 
subsystem of /3-Nao.33V2 05 appears to be strongly di- 
luted. Nevertheless, the transition to the long-range mag- 
netically ordered state occurs at an appreciably high tem- 
perature Tat = 22 K. The aim of the present work was to 
study in details the magnetic ordering in /3-Nao.33V205 
by means of magnetic resonance and static magnetization 
measurements. 



II. EXPERIMENTAL 

A. Samples and the experimental techniques 

The single crystals of a stoichiometric /?-Nao.33V205 
were grown by a self flux technique using NaVsOs as a 
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flux. The crystals of a typical size 5 x 0.5 x 0.2 mm^ 
were obtained by melting the mixture of one part of 
Nao.33V205 powder and thirty parts (weight ratio) of 
NaVaOg powder. The melting at 740 °C and cooling 
down to 600 °C with a rate of 0.5 °C/h were performed 
in a vacuum. The flux was removed by diluted hydrochlo- 
ric acid. The longest dimension of the rectangular sam- 
ple was aligned with the b axis, the middle dimension was 
aligned with the c axis, and the shortest dimension, de- 
noted below as a' was perpendicular to the (&c)-plane. 
The crystallographic a axis is directed at an angle of 
18° with respect to a' axis in the a'c plane. The static 
magnetization measurements were done by the Quantum 
Design SQUID magnetometer. The magnetic resonance 
measurements in the frequency range 18-80 GHz were 
performed by the transmission type microwave spectrom- 
eter. The sample was put into the rectangular resonator 
having a set of eigen-frequencies in this range. 

The temperature dependencies of the magnetization of 
/3-Nao.33V205 sample measured along the a', b and c axes 
at the magnetic field H = 10 kOe are shown in Fig. 2. 
The change of the slope on these curves at 136 K 
marks the metal-insulator transition associated with the 
charge redistribution between the vanadium sites. The 
sharp increase in magnetization is observed at T = ■ 

The field dependencies of magnetization measured 
along the a', b and c axes at T = 5 K are shown in Fig. 3. 
The asymptotically linear behavior of the AI{H) depen- 
dencies indicate the existence of the antiferromagnetic or- 
dering. The residual magnetization M{H — 0) for H || 6 
(as well as the anisotropic anomaly on M{T) curves at 
T = Tjv) are the evidence of a canting of the antiferro- 
magnetic sublattices. The nonlinear part of the M{H) 
curve at H || a' should result from a spin-reorientation 
process. The extrapolation of M{H) to if = at H || & 
gives a finite value of the spontaneous magnetization with 
a weak ferromagnetic moment of about 3 x 10~^/iB per 
ion. 

The ESR absorption lines of /3-Nao.33V2 05 obtained as 
the field dependencies of the signal transmitted through 
the resonator with the sample at various temperatures 
are shown in Fig. 4. In the paramagnetic state (at T > 
Ttv) the ESR line is observed at a slightly larger field 
than the DPPH reference {g = 2.0). Below Tn the ESR 
line rapidly shifts to lower magnetic fields. 

The evolution of the ESR absorption with the fre- 
quency at T = 4.2 K is illustrated in Fig. 5. Up to four 
resonant lines marked by letters A, B, C, D were present 
in the absorption at different frequencies and sample ori- 
entations. The C and D lines disappear above 10 K and 
could not be ascribed to the ordered state, while the A 
and B lines exist in the whole temperature range below 
Tjv and thus, should be of an antiferromagnetic type. 

The magnetic resonance data at T = 4.2 K are sum- 
marized in Figs. 6a,b,c, in which the frequencies of the 
resonant lines are plotted vs magnetic field oriented along 
the a' , b and c axes respectively. The spectrum of the 
magnetic resonance in the ordered phase appears to be 



highly anisotropic. It consists of two branches with the 
gaps of 48 GHz and 24 GHz. The falling branch of the 
magnetic resonance spectrum at H |j a' and the drop- 
to-zero of its resonance frequency at _ff = 6 kOe clearly 
indicate the spin-reorientation process ended by a phase 
transition of the second kind. The characteristic feature 
of the field dependencies of the resonance frequencies at 
H II a' and b is the nonzero slope of both branches. The 
smaller of these slopes reveals the existence of canting of 
sublattices. 



III. DISCUSSION 

The general form of the antiferromagnetic resonance 
spectra and the magnetization curves prove the ap- 
pearance of the canted antiferromagnetic state in /3- 
Nao.33V205 below T < T^. The detailed analysis given 
below will allow us to obtain its macroscooic parameters. 

Using the phenomenological approachliJ we calculated 
the field dependencies of the static magnetization and 
the resonance spectra of a canted antiferromagnet with 
two axes of anisotropy for the various orientations of the 
magnetic field. According to this approach the antifer- 
romagnetic structure is considered to be coUinear in the 
exchange approximation, and the effects resulting from 
relativistic interactions (the sublattices canting and the 
anisotropy) are taken into account as perturbations. At 
low temperature the Lagrange function of a mole of such 
an antiferromagnet may be represented in the form: 

C = ^ii- 7[1H])2 - ^(d, i - 7[1H]) - Ua, (1) 

27^ 7 

where 1 is the unit vector of the order parameter, x± is 
the antiferromagnetic susceptibility, 7 is the magnetome- 
chanical ratio (suggested to be equal to that of a magnetic 
V ion 7 = gfiB/h), d is the Dzyaloshinsky vector giving 
rise to the spontaneous magnetization Msp — x± [dl] , Ua 
is the potential energy of the relativistic anisotropy taken 
as the quadratic form in the vector 1 components: 

C/. = |(xl)2-f|(yl)2. (2) 

Here /3i , P2 are positive constants of anisotropy, unit 
vectors x and y determine two orthogonal directions in 
the crystal. One of these two directions (corresponding 
to the largest coefficient Pi) should be the hard direction 
for the spin structure, the other one should be the middle 
direction, the third orthogonal unit vector z will be an 
easy axis (the direction of the vector 1 at H = 0). The 
orientation of vectors x, y, z and d with respect to the 
crystal axes a, b and c is a priori not known, except for 
the condition that one of the vectors x, y or z should be 
parallel to the two-fold axis b. 

The total static magnetization of this system is: 

M=|S=X±(H-l(lH) + [dl]). (3) 
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The equilibrium value of the vector 1 is determined 
by minimizing the potential energy of the system V = 
—C{\ = 0). The magnetic moment M{H) measured in 
the experiment is the projection of M onto H. 

The crystal symmetry requires the spontaneous mo- 
ment to be either parallel or perpendicular to the 
two-fold b axis. The static magnetization measurements 
confirm the first orientation. At the same time the ex- 
trapolation of M{H) at H II c to -ff = gives no net 
magnetic moment. In accordance with formula it 
means that the vector product [dl] should be perpendic- 
ular to H in high fields. The only possibility to satisfy 
this condition is to align vector d with the c axis. 

The easy direction z of a canted antiferromagnet 
should be perpendicular to M^j, and hence, lie in the 
ac plane. Thus, either x or y should be parallel to b axis. 
Taking this orientation for vector y, we have also the vec- 
tor X in the ac plane. We shall denote the angle between 
the vectors d and x as a (see the inset to Fig. 3). This 
angle is not determined by the monoclinic symmetry and 
in principle may be arbitrary. 

To describe the dynamical properties of the system one 
should find the variation of the Lagrange function (|l|) by 
1: 



5L = 



dL 
d\ 



d_dC 
dt di. 



5\. 



(4) 



Taking 5\ — [59V\, where 59 is the vector of a small rota- 
tion, we obtain the following system of nonlinear equa- 
tions: 

[1, -1 + 27[iH] + 7'[H[1H]] + 72[Hd] - A^xCxl) - 

-A^y(yl)]=0, (5) 

where 2 ~ l'^ independent phenomeno- 

logical parameters corresponding to two energy gaps of 
the spectrum. The linearized equations obtained from 
by expanding 1 in the vicinity of equilibrium give the 
resonance spectrum of the system. 

When the vectors d and z are mutually perpendicular 
i.e. at a = the resonant frequencies may be calculated 
analytically for three basic orientations of the magnetic 
field. 

1. H II z: in this case the spin reorientation occurs 
under magnetic field. It is the continuous rotation 
of the vector 1 in the plane containing easy and 
middle axes. Two intervals of the magnetic field 
should be considered separately. 

a) H < He', the equilibrium angle tp between 1 
and z is determined by the condition 



sin'0 



HdH 



(6) 



where He) 



A, is a smaller of the 



H = He determined by the relation sin ip = 1, 
when 1 becomes perpendicular to H. 
The resonance frequencies uii and uj2 are the 
roots of the biquadratic equation: 



(w^ + A){lu^ + B)- 4-/^H^ cos^ ^juj^ = 0, 



(7) 



where A = j^{H^ cos^ ip + HdH sinijj) — Af -|- 
Aj sin^ V: 

B = (j'^H^ - A]) coa2^ + j^HdH sini:, A, 
is the largest of A 1.2. 

h) H > He. 



= A2 - A2 + -i'^HHo 
Lol^-f^H{H + HD)-A^, 



(8) 



2. H II x: 



YH^ + Aj 



(9) 



3. H II y: 



Aj ± j^HHd 
Al±j^H{H- 



Hd). 



(10) 



constants Ai 2. The rotation terminates at 



The signs ± correspond to the domains of positive 
and negative directions of the spontaneous magne- 
tization with respect to the magnetic field. On in- 
creasing the field the negative domain disappears 
and the corresponding resonance line disappears 
too according to our observations. 

The resonance frequencies calculated by formulae (^ 
|lO| ) are represented in Figs. 6a,b,c by dashed lines. For an 
arbitrary value of a (a ^ 0) the equilibrium orientation 
of 1 in magnetic field was found numerically (for three 
orientations H || a', b, c) and then substituted to the 
expression for the magnetization and to the appropriate 
linearized equations of motion. 

Finding the antiferromagnetic susceptibility X-L ~ 
3.2 X 10~^ emu/mol from the slope of M{H) curve 
at H II c and varying the other four parameters a, 7J_d, 
Ai and A2 one can fit the magnetization curves and the 
resonance spectra for all three orientations. The best fit 
to experimental data was obtained for a — 18°, Ai — 48 
GHz (/3i = 1.1 X 10-2 K per ion), A2 = 24 GHz 
{(32 = 2.7 X 10^3 K per V''+ ion) and Hd = & kOe. The 
results of this fitting are shown in Fig. 3 and Fig. 6 by solid 
lines. The determined value of a = 18° means that the 
easy direction of the spin system z is near the crystal- 
lographic axis a. It should be noted that the resonance 
spectrum at || a' is very sensitive to the value of a due 
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to the effect of dynamic repulsian between two antiferro- 
magnetic resonance branches.tJ The intersection of the 
two branches may be observed at the exact orientation 
of the field along the z or y directions (it was observed 
at H II y, see Fig. 6b). The "repulsion" is clearly seen in 
Fig. 6a at H || a' when the magnetic field appeared to be 
tilted with respect to z. The relation Ai > A2 indicates 
that X is the hard axis and y is the middle axis of the 
ordered spin structure. The mismatch between the ob- 
served and calculated resonance frequencies for the first 
branch in low fields at H || 6 remains unclear. 

The magnetization is also described satisfactorily for 
H II c and for H || 6 (except for the small low field region 
associated with the poling). The agreement for the third 
orientation H || a' appears to be only qualitative, but 
still covers the most remarkable feature - the low field 
nonlinear part (mentioned in the Section 2) appearing 
due to the process of the continuous spin reorientation. 

The above approach to the description of the uniform 
magnetic properties of a spin system is self-consistent 
and does not require any suggestions except that the ex- 
change structure of the system is not strongly distorted 
by relativistic interactions. To evaluate the exchange in- 
tegral from our data we will for|-simplicity neglect for the 
effect of zero point fluctuationsta on the susceptibility of 
quasi-one-dimensional system. In the molecular field ap- 
proximation one can obtain the intrachain exchange inte- 
gral J = {gfiB)^NA/4:kBX± — 120 K which corresponds 
to the molecular field = 1700 kOe. The approxi- 
mate evaluation for the Neel temperature of a quasi-one- 
dimensional antiferromagnet T^r \/ JJ± gives the value 
for the interchain exchange interaction ~ 1 K. 

For anisotropy fields iJ^i and i?A2 corresponding to 
the values Pi,2 we have the following estimations: Hai = 
340 Oe, Ha2 — 85 Oe. From the value of Dzyaloshinsky 
field Hd — 6 kOe we obtain that the spontaneous mag- 
netization Msp — xJ-Hd = 3.4 X 10~^/iB per ion 
which is in qualitative agreement with the data of Ref. ||. 

IV. CONCLUSIONS 

The magnetic resonance spectra and the magnetiza- 
tion curves obtained at low temperatures in the mixed 
valence charge ordered quasi-one-dimensional compound 
/3-Nao.33V205 confirm the transition into the canted an- 
tiferromagnetic state. The easy-direction of the spin sys- 
tem and the vector of the spontaneous magnetization are 
found to be aligned with the a axis and b axis correspond- 
ingly. The Dzyaloshinsky vector was found to be directed 
along c axis. The hard axis of the spin structure lies in 
the ac plane at an angle of 18° with respect to c axis, 
direction b is the middle axis of the spin anisotropy. The 
values of the intra and interchain exchange integrals as 
well as the anisotropy fields and the Dzyaloshinsky field 
are obtained. 
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Figure captions 

Fig. 1. The crystal structure of /3-Nao.33V205. 
Fig. 2. The temperature dependencies of the susceptibil- 
ity M/H for three principal orientations of the magnetic 
field. 

Fig. 3. The magnetization curves at T = 5 K 
Inset: The orientation of the Dzyaloshinsky vector d, 
hard, middle and easy axes (see the text) with respect to 
crystallographic axes. 

Fig. 4. The temperature evolution of the ESR absorption 
line measured at the frequency f — 24 GHz (H || b). 
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Fig. 5. The ESR lines at different frequencies at T = 
4.2 K (H II b). 

Fig. 6. Tlie ESR spectra for three orientations of the 
magnetic field at T = 4.2 K. Symbols are the experimen- 
tal data (closed ones on the panel b represent the low in- 
tensity absorption ascribed to "negative" domains). The 
dashed lines are drawn by formulae (^10) with Ai = 48 
GHz, A2 = 24 GHz and Hj:) = 6 kOe; solid lines are the 
result of theoretical calculations (see text) for "positive" 
domains, dashed-dotted lines are those for "negative" do- 
mains. 
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Fig. 1 Vasil'ev et.al. 




Fig. 2 Vasil'ev et.al. 
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Fig. 4 Vasil'ev et.al. 
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Fig. 5 Vasil'ev et.al. 



I I I I I I I I I I I I I I I I I I I I I I I I 

10 20 30 40 50 



H (kOe) 



60 



1 1 1 1 1 1 1 1 1 1 1 LT 1 1 

□ Line A f 


1 1 1 1 1 1 1 1 1 1 
(b) - 


^ Line B / 










- / -./ 




/ ,/ 


H II b 


1 1 1 1 1 1 1 1 1 1 1 1 1 1 






10 20 30 40 50 

H (kOe) 




5 10 15 20 25 

H (kOe) 



Fig. 6 Vasil'ev et.al. 



